
Mech. Sci., 10, 429–436, 2019
https://doi.org/10.5194/ms-10-429-2019
© Author(s) 2019. This work is distributed under
the Creative Commons Attribution 4.0 License.

Removal mechanism of machinable ceramics and
theoretical model of cutting force in turning operation

Tao Liu, Lianjie Ma, Ye Wang, Wei Bai, and Hao Chang
School of Control Engineering, Northeastern University at Qinhuangdao, Qinhuangdao 066004, Hebei, China

Correspondence: Lianjie Ma (yewuqingmw@163.com)

Received: 27 February 2019 – Revised: 16 June 2019 – Accepted: 23 June 2019 – Published: 7 August 2019

Abstract. The removal mechanism of machinable ceramics in turning was studied, and a theoretical model
of cutting force based on energy theory was proposed. Based on the turning test of machinable ceramics and
kinematics analysis of the tool-workpiece system, a model of tool-workpiece contact zone considering the tool tip
arc radius was established. The crack propagation path and three stages of the crack development were analyzed
from the stress perspective. Then the energy of the crack system was studied, and the brittle fracture energy
which is more suitable for brittle materials was put forward. Based on the principle of energy conservation,
a correction theoretical model of cutting force was established, which was verified by turning experiments of
machinable ceramics. The results indicated that the predicted values of the model were in good agreement with
the experimental values. Both theoretical model and experimental results demonstrated that the cutting force
decreased as cutting speed increased, and increased as cutting depth and feed rate increased. This model enabled
an in-depth understanding of the interaction action between the cutting tool and work materials involved in the
turning of machinable ceramics.

1 Introduction

The machinability of machinable ceramics is superior to that
of ordinary ceramics due to its superior physical, chemi-
cal and mechanical properties. It has a broad application
prospect in aerospace, military, chemical and other fields (Ma
et al., 2014). Turning machinable ceramics has many advan-
tages, such as high efficiency and low cost, which is of great
significance to the large-scale application of machinable ce-
ramics. Cutting force is one of the most important factors
in cutting process, which plays an important role in predict-
ing machining quality and controlling machining precision
(Huang et al., 2010; Li et al., 2016).

At present, grinding is the main processing method, so
there are many studies on grinding force model. Liu et
al. (2012) studied the cutting mechanism of rotary ultrasonic
grinding of brittle materials, and considered that the main
removal mechanism of brittle materials was brittle fracture,
and established the cutting force model of rotary ultrasonic
grinding of brittle materials. Wu et al. (2016) considered that
both ductility removal and brittleness removal existed in the
grinding process of brittle materials, and proposed the grind-

ing force model of brittle materials under the combined ac-
tion of ductility removal force and brittleness removal force;
Xie et al. (2008, 2011) analyzed two removal methods of
plastic deformation and brittle fracture of engineering ce-
ramics, studied the relationship between cutting deforma-
tion force and material properties and grinding parameters,
and established the grinding force model of high-speed deep
grinding of engineering ceramics; Lin et al. (2012) studied
the stress changes of elastic deformation, plastic deformation
and crack initiation in the process of material removal, and
established a single abrasive grinding force model based on
stress concentration theory; Li et al. (2018) established the
micro-grinding force model of reaction-bonded silicon car-
bide (RB-SiC) ceramics by considering the brittle fracture
of materials, grinding conditions and random distribution of
abrasive particles in grinding wheels; Zhang et al. (2017)
studied the contact behavior of a single abrasive particle with
work piece material at different grinding depths, analyzed
the material removal mechanism and plastic accumulation
mechanism, determined the critical transition between plow
and cutting, and established an improved theoretical model of
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Figure 1. Contrast Diagram of Tool Tip Model with Corner Radius and Ideal Tool Tip.

grinding force. Sun et al. (2018) studied axial ultrasonic vi-
bration assisted peripheral grinding (AUPG) glass-ceramics.
Considering the material removal mechanism, material me-
chanical properties and vibration effects, three stages of ma-
terial removal, friction process, toughness removal and brit-
tleness removal were established respectively.

The research on cutting force model in turning
mainly focuses on empirical model and prediction model.
Szecsi (1999) proposed the cutting force model of metal ma-
terial based on artificial neural network as early as 1999,
and used error back-propagation algorithm to train the multi-
layer feedforward neural network. Sharma et al. (2008) an-
alyzed the influence of metal turning parameters on three
cutting force components and surface roughness, and es-
tablished a neural network-based cutting force and surface
roughness estimation model; Alajmi and Alfares (2007)
adopts differential evolutionary algorithm to train and BP
neural network to predict cutting force; Ma et al. (2016) mod-
ified the material constitutive model, and established the cut-
ting force prediction model based on genetic algorithm and
neural network.

The theoretical model plays an irreplaceable role in the
study of cutting process, so it is necessary to study the theo-
retical model of cutting force. Ma et al. (2017a, b) proposed
two kinds of chip forming methods for turning hard and brit-
tle materials. By analyzing the micro-fracture mechanism of
ceramic materials, the energy models of crack system were
established, and then the theoretical model of turning force
for hard and brittle materials was established. However, this
study neglects the arc of the tool tip and considers that the
ideal point contact between the tool and the material is not
enough in-depth study of the energy model, and there is a
deviation from the actual value.

In this paper, the tool-workpiece contact area with tool tip
arc radius is established by kinematics analysis of the tool-
workpiece system. Based on the stress theory and the ma-
chined surface topography, the crack deflection angle during
turning of brittle materials is deduced, and then the whole
crack propagation path is obtained. Based on energy theory,
the energy conservation relationship between cutting force
work and crack system energy is established. Griffith theory
is used to study the energy of crack system. Griffith theory

considers that the material is elastic deformation before frac-
ture, but the fracture process of machinable ceramics is quite
different from it. In this paper, brittle fracture energy is pro-
posed to modify the theory, and finally the correction model
of machinable ceramics turning force is established.

2 Removal mechanism of machinable ceramics in
turning

2.1 Tool-workpiece contact zone model with corner
radius

Previous cutting force models considered the tool as an ideal
tool and its tip as a point, but there is a corner radius in the ac-
tual tool. When cutting brittle materials, the cutting depth is
very small, and the corner radius can not be ignored. There-
fore, this paper studies the influence of corner radius on cut-
ting process. After considering the corner radius, the actual
shape of the tool tip has changed, and the contact area with
the workpiece has also changed. The corner radius is shown
in Fig. 1. The dashed part is the ideal tool shape, the solid
part is the actual tool shape, and the corner radius is r .

The tool-workpiece contact area and chip shape have
changed compared with the previous model, and the con-
tact area morphology needs to be re-determined. As shown
in Fig. 2, the tool-workpiece contact area is the area between
arc AB and arc AC. The size of the contact area is related to
corner radius, cutting depth and feed rate.

When the workpiece is rotated once, the radius center of
the turning tool arc moves fromO toO ′, and the rectangular
coordinate system is established with O as the center. The
contact area S is:

S = f

ap− r +

√
r2−

(
f

2

)2
 , (1)

where f is the feed rate, r is the arc radius of the tool tip, and
ap is the cutting depth.

2.2 Crack propagation path of machinable ceramics

The main material removal mechanism in turning ceramics
is crushing removal, as shown in Fig. 3. The process of crack
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Figure 2. Tool-Workpiece Contact Zone with Corner Radius.

Figure 3. Path diagram of crack propagation for crushing removal.

propagation can be divided into two stages. The first stage is
that the tool contacts with the workpiece and produces cracks
that propagate into the workpiece, forming crack l1. The sec-
ond stage is that when the crack reaches the limit depth, it
turns to the workpiece surface to propagate until the crack l2
is formed on the workpiece surface.

In the first stage, the crack is subjected to both the main
cutting force and the cutting resistance. As shown in Fig. 4,
the main cutting force and the shear resistance can be decom-
posed into the force component along the crack direction and
the force component in the vertical crack direction, and the
force components in the vertical crack direction are equal and
opposite. The force components along the direction of the
crack are the same, and the effect on the crack growth can be
neglected. Therefore, the crack system can be regarded as a
typical mode-I crack.

According to Griffith theory, there is a limit depth for crack
propagation to the workpiece, and the critical condition for
mode I crack propagation is as follows:

σF =

√
2Eγ0

πC
(2)

Figure 4. Cutting force distribution diagram for the first stage of
crack propagation.

Figure 5. Distribution of Cutting Force in Crack Deflection Stage.

where E is the modulus of elasticity, γ0 is the surface energy,
and C is the length of crack.

The stress σ is inversely proportional to the crack length
C, so the stress at the ultimate depth is the minimum stress
value of the first stage crack growth. This paper considers
that the critical stress value σF is the critical stress value of
mode-I crack growth. The tool will not contact with the ma-
chined surface cracks in the cutting process, so the pits can be

www.mech-sci.net/10/429/2019/ Mech. Sci., 10, 429–436, 2019



432 T. Liu et al.: Removal mechanism of machinable ceramics

measured on the machined surface. The crack extended angle
α1 and the crack limit depth h can be obtained by measuring
the shape of the pits.

When the ultimate depth is reached, the cutting resistance
will not affect the crack propagation path. At this time, only
the main cutting force affects the crack propagation path. Un-
der the action of the main cutting force, the crack deflects and
then propagates to the surface of the workpiece. The crack
can be regarded as a typical mode-II crack only under the
action of the main cutting force, as shown in Fig. 5.

Based on Irwin theory, the stress of mode-II crack in yy
direction is

σyy =−
KII
√

2πC
sin
θ

2
cos

θ

2
cos

3θ
2

(3)

When the crack deflects, the stress at the tip is the same as
that at the first stage of critical propagation.

σyy = σF (4)

Crack deflection angle θ satisfies the following conditions:

2
√
Eγ0

KII
=−sin

θ

2
cos

θ

2
cos

3θ
2

(5)

Therefore, the crack extended angle α2 for crack l2 is:

α2 = θ −α1 (6)

3 Theoretical model of machinable ceramic cutting
force

In the turning process, there is a conservation of energy be-
tween the turning tool and the workpiece, that is, the work
done by the cutting force is equal to the energy required for
the formation of the crack system.

3.1 Doing work by cutting force

During the time of crack initiation and propagation, the work
done by the main cutting force is:

W = Fcvct (7)

The ultimate crack growth speed of brittle material is
0.38
√
E/ρ (Roberts and Wells, 1954), and the crack length

is l = h/sinα1+ (ap+h) sinα2 when a primary fracture oc-
curs, so the crack growth time is:

t =
h/sinα1+ (ap+h) sinα2

0.38
√
E/ρ

, (8)

where h is the depth of concave pit on the surface of work-
piece, and ρ is the density of material.

3.2 Energy of crack system

Griffith theory is the most classical method to study the en-
ergy change of crack system. Griffith theory holds that the
energy of crack system includes mechanical energy and sur-
face energy, as follows:

U = UM+US, (9)

where U is the energy of crack system, UM is the mechanical
energy of system, US is the surface energy.

Griffith theory holds that the experimental material is an
ideal elastic body before fracture and strictly meets Hooke’s
law. The material used in this paper is a typical brittle ma-
terial. Although there is a very small deformation before
fracture, it is impossible to distinguish the critical point of
elastic-plastic deformation, and the deformation can not be
measured directly, so the mechanical energy of the system
can not be calculated according to the elastic deformation.

This paper considers that the energy input before the crack
generation is stored in the workpiece in the form of material
deformation potential energy (including elastic potential en-
ergy and plastic potential energy). There is a critical value of
potential energy stored per unit volume of workpiece. When
the critical value exceeds, the workpiece cracks and releases
excess energy in the form of surface energy. In this paper,
the critical value of potential energy is called brittle fracture
energy UC. The brittle fracture energy is related to the criti-
cal stress produced by crack and the volume of material. In
the turning process, ceramics are mainly crushed under pres-
sure, so the critical stress caused by material cracks can be
expressed by compressive strength. The expression of brittle
fracture energy is:

UC = σV, (10)

where σ is the critical strength of the material when it breaks,
and V is the volume of the material when it breaks.

During cutting, stress concentration occurs in the contact
area between workpiece and tool tip, and the critical stress
for cracking in this area is less than the compressive strength
of the material. The contact area of the tool tip is not an ideal
point, but an arc, as shown in Fig. 6. Based on Inglis’ stress
theory, the stress concentration factor in the stress concentra-
tion area is as follows:

k1 =
σmax

σ
= 1+

2c
b
=

2ap+ rd

rd
, (11)

where k1 is the stress concentration factor and rd is the edge
radius at the tool tip.

The cutting resistance also causes stress concentration in
the contact area of the tool tip. At this time, the workpiece
can be regarded as the bending of a circular rod with shoul-
der. The stress concentration factor k2 can be obtained by re-
ferring to the stress concentration manual. In this experiment,
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Figure 6. Stress concentration in the contact zone between work-
piece and tool tip.

k2 is taken as 1.3. The actual stress concentration factor at the
tool tip is:

k = k1× k2 (12)

In the first stage, the chip volume is approximately columnar,
the contact area is S, and the height is h1 = h/ tanα1. In the
second stage, the chip volume is approximately conical, the
contact area is S, and the height is h2 = (ap+h/ tanα2). The
brittle fracture energy of the system is:

UC =
σcV

k
=
σcS

k

(
h1+

h2

3

)
=

σcSrd

1.3
(
2ap+ rd

) ( h

tanα1
+
ap+h

3tanα2

)
. (13)

When a new crack occurs, the increased surface area is:

S0 =
2S

sinα2
. (14)

Therefore, the surface energy of the crack system is:

US =
2Sγ0

sinα2
, (15)

where Cγ0 is the surface energy of the material in unit area.

3.3 Cutting force model of machinable ceramics

According to the energy conservation relation, the work done
by the external cutting force is equal to the energy of the
crack system, as follows:

Fcvct = UC+US =
σS

k

(
h1+

h2

3

)
+

2Sγ0

sinα2
. (16)

The final cutting force model is:

Fc =

0.38
√
E/ρf

(
ap− r +

√
r2−

(
f
2

)2
)(

σcrd
1.3(2ap+rd)

(
h

tanα1
+

ap+h

3tanα2

)
+

2γ0
sinα2

)
vc
(
h/sinα1+ (ap+h) sinα2

) .

(17)

4 Experiment

In this experiment, fluorophlogopite ceramics were selected
as the workpiece. Its Young’s modulus is 200 GPa, frac-
ture toughness is 3.8 MPa m1/2, density is 2.56 g cm−3, free
surface energy per unit area is 0.54 J m−2 and compres-
sive strength is 108 MPa. The diameter of the workpiece is
30 mm. Turning experiments were carried out on CAK5085
machine lathe. CBN turning tool was used. The main devi-
ation angle κr is 92◦ and the secondary deviation angle κ ′r
is 33◦, the front angle γ0 is 0◦, the rear angle α0 is 11◦, the
blade inclination angle λs is 0◦, the tool tip corner radius r is
0.5 mm, and the tool tip edge radius is 0.02 mm.

The cutting force was measured by a six-component cut-
ting force testing system produced by Kistler Company in
Switzerland, and the average value of the main cutting force
in the stable stage of cutting was selected as the valid data.
The turning experiment and cutting force test field are shown
in Fig. 7.

A single factor experiment was designed to study the in-
fluence of cutting speed, feed rate and cutting depth on cut-
ting force. The experimental data of single factor and cutting
force are shown in Table 1. The third group is the control
group, which is the same as the data of group 7 and 13.

5 Results and discussion

5.1 Morphology of machined surface cracks

The turning tool does not contact the machined surface dur-
ing the first cutting process, so the crack propagation path can
be obtained by measuring the machined surface morphology.
The machined surface morphology of fluorite mica ceramic
workpiece was measured by OLS4100X 3-D laser confocal
microscopy system. According to the obtained profile of the
pit section, the pit depth h and the initial crack growth an-
gle α1 in the first stage were measured. Figure 8 shows the
profile information of a typical pit section.

After many measurements, the pit depth h is 10.22 µm, and
the crack initiation angle α1 is 25◦ in the first stage. Substi-
tution of material properties and surface parameters of pits
into Eq. (5) the deflection angle θ of the crack is 74.05◦, and
the propagation angle α2 of the crack in the second stage is
49.05◦.

5.2 Effect of cutting speed on cutting force

In order to study the influence of cutting speed on cutting
force, the feed rate f is 0.08 mm r−1 and the back feed ap
is 0.1 mm, as shown in Fig. 9. The research object of this
model is the cutting force in the process of primary crack
growth. According to the principle of energy conservation,
the faster the cutting speed is, the smaller the cutting force
is required, so the cutting force decreases as cutting speed
increased. When the cutting speed is low, the material re-
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Figure 7. Turning experiment and cutting force test site.

Table 1. Single-factor experimental conditions for fluorinated mica ceramics.

Spindle Cutting speed Feed rate Cutting depth Cutting
No. speed n (rpm) vc (m s−1) f (mm r−1) ap (mm) force (N )

1 400 0.63 0.08 0.1 69.59
2 500 0.79 0.08 0.1 71.66
3 600 0.94 0.08 0.1 65.7
4 700 1.10 0.08 0.1 59.95
5 800 1.26 0.08 0.1 52.55
6 600 0.94 0.05 0.1 35.22
7 600 0.94 0.08 0.1 65.7
8 600 0.94 0.1 0.1 68.3
9 600 0.94 0.12 0.1 75.28
10 600 0.94 0.15 0.1 93.27
11 600 0.94 0.08 0.05 35.51
12 600 0.94 0.08 0.08 62.17
13 600 0.94 0.08 0.1 65.7
14 600 0.94 0.08 0.12 67.97
15 600 0.94 0.08 0.15 90.12

Figure 8. Section profile of the pit on machined surface.
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Figure 9. The change of cutting force with cutting speed.

Figure 10. Cutting force varies with feed rate.

moval form is ductile domain removal. The research content
of this model is brittle domain removal, so the error is large
when cutting speed is low. When the cutting speed is high,
the predicted value of the model is in good agreement with
the experimental value.

5.3 Effect of feed rate on cutting force

The variation trend of cutting force with feed rate is shown
in Fig. 10. At this time, the cutting speed n is 600 r min−1

and the cutting depth ap is 0.1 mm. With the increase of feed
rate, the cutting force increases gradually. When the feed rate
is low, the predicted value of the model is close to the experi-
mental value. When the feed rate is high, the predicted value
is larger than the experimental value. Because the micro-
cracks will occur in the feed direction of the turning tool,
but the main cutting speed of the turning tool is much larger
than the feed rate, the micro-cracks have little influence on
the energy of the crack system, so the model has not studied
these micro-cracks.

Figure 11. Cutting force varies with cutting depth.

5.4 Effect of cutting depth on cutting force

The influence of cutting depth on cutting force is shown in
Fig. 11. At this time, the cutting speed n is 600 r min−1 and
the feed rate f is 0.08 mm r−1. In this model, the crack prop-
agation time varies with the cutting depth. In order to control
the research variables, the same crack propagation time was
selected in the calculation. As the cutting depth increases, the
chip volume removed in one cutting process increases and
the energy required increases, so the cutting force increases
as cutting depth increased.

6 Conclusions

1. A model of tool-workpiece contact zone considering the
corner radius was established, the model indicated that
when the cutting depth was close to the corner radius,
the influence of the arc radius could not be ignored.

2. Crack propagation path in turning brittle materials is re-
lated to material properties and stress distributions.

3. Brittle fracture energy was proposed to describe the
potential energy stored before cracks occurring, and
the predicted error was relatively large when only the
change of elastic potential energy during material re-
moval process was considered. There are elastic and
plastic deformation regimes before the generation of
brittle cracks. The work done by external forces was
stored in materials in the form of potential energy. The
critical value is brittle-fracture energy, which is the in-
herent property of the materials.

4. Based on the energy conservation relationship between
the input energy of the turning tool and energy of crack
system, a theoretical model of cutting force during turn-
ing brittle materials was established. The model demon-
strated that the cutting force was inversely proportional
to the cutting speed and directly proportional to the cut-
ting depth and feed rate.
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